We report experimental and computational results pertaining to the activation and splitting of single water molecules by single atomic platinum anions. The anion photoelectron spectra of [Pt(H 2 O)] − , formed under different conditions, exhibit spectral features that are due to the anion-molecule complex, Pt − (H 2 O), and to the reaction intermediates, HPtOH − and H 2 PtO − , in which one and two O-H bonds have been broken, respectively. Additionally, the observations of PtO − and H 2 + in mass spectra strongly imply that water splitting via the reaction Pt − + H 2 O → PtO − + H 2 has occurred. Extending these studies to nickel and palladium shows that they too are able to activate single water molecules, as evidenced by the formation of the reaction intermediates, HNiOH − and HPdOH − . Computations at the coupled cluster singles and doubles with perturbatively connected triples level of theory provide structures and vertical detachment energies (VDEs) for both HMOH − and H 2 MO − intermediates. The calculated and measured VDE values are in good agreement and thus support their identification. Published by AIP Publishing. https://doi
INTRODUCTION
Water splitting holds great promise as a source of clean, abundant fuel. [1] [2] [3] [4] [5] While electrolysis is effective, its cost is exceedingly high. Likewise, the direct cleavage of water's O-H bond is energetically prohibitive (497.1 kJ/mol). 6 The solution to this problem is generally thought to lie in catalytic water splitting, a process which depends critically on the activation of water molecules. A variety of molecular and cluster catalysts are known to be effective in aqueous media, 7, 8 on surfaces, 9, 10 and in gas phase environments. 11, 12 Single-atom catalysts provide yet another approach. While single-atom catalysts have been found to facilitate water splitting on surfaces, [13] [14] [15] [16] water activation and splitting by single atoms in the gas phase have gone virtually unexplored. Here, we investigate this topic, addressing both water activation and water splitting by single metal atomic anions.
We had originally been inspired by experiments in which sub-nano-size platinum clusters deposited onto semiconductor nano-rods and submerged in water were found to be effective water splitting photocatalysts. [17] [18] [19] There, the overall catalytic process was H 2 O + Pt n − = ½ H 2 + Pt n + OH − . Rather than studying water activation by platinum cluster anions, however, a) Present address: Department of Chemistry and Biochemistry, Auburn University, Auburn, AL 36830, USA. b) Authors to whom correspondence should be addressed: kbowen@jhu.edu; sotiris.xantheas@pnnl.gov; and idea.then.diligence@gmail.com we chose to focus on the simplest set of relevant reactants, i.e., a single water molecule, a single metal atom (M), and a single excess electron (e − ), all interacting together within the sub-nano crucible of gas phase [M(H 2 O)] − cluster anions. By extending these studies beyond platinum to include nickel and palladium, as well as several other transition metal atoms, we explored the activation and splitting of single water molecules by single atomic metal anions. Our joint experimental and theoretical effort has resulted in strong evidence for both water activation and water splitting by single atomic platinum anions and for water activation (but without splitting) by single nickel and palladium anions.
RESULTS AND DISCUSSIONS
Experimental studies of [Pt(H 2 O)] − were conducted using a laser vaporization ion source, time-of-flight (TOF) mass spectrometry, and anion photoelectron spectroscopy. 20 Source details are presented in the supplementary material. The left panels in Fig. 1 present the mass spectra of the [Pt(H 2 O)] − mass region along with the expected isotopic mass distribution pattern of [Pt(H 2 O)] − in its top panel. Mass spectra A, B, and C show the effect of increasing the vaporization laser power in three steps (6, 8, and 11 mJ) . Note that mass peaks due to PtO − appeared and became stronger with increasing power. Control experiments without water, but under the same vaporization laser power conditions, did not result in the formation of PtO − (Fig. S1) )] − anions had been generated under the same laser vaporization power conditions used to record their corresponding mass spectra A, B, and C, respectively. In all cases, the anion photoelectron spectra were measured using the fourth harmonic (4.66 eV/photon) of a Nd:YAG laser.
a result of the reaction between Pt − and H 2 O. The identities of the two putative PtO − mass peaks (m = 210 and 211) were confirmed by measuring their anion photoelectron spectra (see Fig. S2 ) and comparing them to a previous report. 21 The fact that the anion photoelectron spectra at these two masses were identical also indicates that no PtOH − was present in the beam, since it would have appeared at m = 211. The top panel on the right-hand side of Fig. 1 presents the photoelectron spectrum of the platinum atomic anion, Pt − . This spectrum is presented for reference and agrees with previous reports. 22 The lower three panels on the right-hand side of Fig. 1 exhibit anion photoelectron spectra of [Pt(H 2 O)] − , i.e., a, b, and c, where in each case the subject [Pt(H 2 O)] − species had been generated under the same laser vaporization (source) power conditions that had been used to measure their corresponding mass spectra A, B, and C, respectively. All [Pt(H 2 O)] − spectra were taken at mass = 216 to ensure that the photoelectron signals were solely from [Pt(H 2 O)] − . These three photoelectron spectra of [Pt(H 2 O)] − clearly differ substantially from one another, strongly suggesting the presence of [Pt(H 2 O)] − isomers, whose generation depended on laser vaporization (source) power. As will be explained below, the anion photoelectron spectra a, b, and c have been labeled with the identities of their [Pt(H 2 O)] − isomers.
Potentially, the anionic metal-water complex, [M(H 2 O)] − , could exist in three different structures: (i) one in which M − is "solvated" by a physisorbed water molecule, resulting in M − (H 2 O), (ii) a structure where one of the O-H bonds in H 2 O has been broken, resulting in HMOH − , and (iii) a structure in which both O-H bonds in H 2 O have been broken, resulting in H 2 MO − . As we will show, all three of these structural isomers were found to exist in the ion beam. The anionic complexes that result from one or both O-H bonds having been broken and the detached atom(s) having been reattached are water activation products. These activated species are intermediates along the reaction pathway that leads to H 2 formation, i.e., water splitting.
We utilized anion photoelectron spectroscopy to distinguish between these isomers. 23 Typically, when weak physisorption ("solvation") interactions occur between an anion and a water molecule, i.e., in anion-molecule complexes, the photoelectron spectral pattern of the resulting hydrated anion closely resembles that of the anion alone, except for it having been shifted to slightly higher electron binding energy (EBE) values and its features broadened. This is because M − remains the chromophore for photodetachment; no truly chemical interactions have occurred. Photoelectron spectrum a on the right-hand side of Fig. 1 is an example of such an interaction. Its spectrum displays the same spectral pattern as the photoelectron spectrum of Pt − , which sits above it in Fig. 1 , except for its peaks being slightly blue-shifted and broadened. The [Pt(H 2 O)] − isomer in photoelectron spectrum a is thus seen to be the platinum atomic anion-water "solvation" complex, Pt − (H 2 O).
At higher laser vaporization (source) power, PtO − begins to appear in mass spectrum B of Fig. 1 . Photoelectron spectrum b exhibits both the hydrated anion spectral peaks of spectrum a and new features, the most prominent of which are marked with red stars at EBE values of 2.98 eV and 3.83 eV. This new feature is due to another (a second) isomer.
At still higher laser vaporization (source) power, mass peaks due to PtO − in mass spectrum C have become even stronger. In its corresponding anion photoelectron spectrum, i.e., c, the peaks due to the solvated anion, Pt − (H 2 O), have completely disappeared and four new peaks have appeared. One of them, marked with a blue star at EBE = 3.34 eV, is due to yet another, i.e., a third, isomer of [Pt(H 2 O)] − , while the other three peaks, marked with black dots, exhibit EBE values that are identical to those in the photoelectron spectrum of PtO − [see Fig. S2 and Ref. 21] . There are two possible explanations for the appearance of the PtO − photoelectron spectrum within photoelectron spectrum c: (1) These peaks may have arisen due to two-photon processes, in which the first photon dissociated the newly formed, third [Pt(H 2 O)] − isomer, producing PtO − , while a second photon photodetached an electron from PtO − . (2) Due to the relatively high source-laser power being used in this case, another possibility is that metastable [Pt(H 2 O)] − was formed in the source and that it dissociated along the time-of-flight drift path, resulting in PtO − , which continued to travel at the velocity of the TOF-extracted [Pt(H 2 O)] − anions into the photodetachment region. 24 Since photoelectron spectrum c was taken at the unambiguous mass of [Pt(H 2 O)] − , this evidence alone implies that the newly formed (third) isomer in photoelectron spectrum c must have been H 2 PtO − and that the other fragment must have been H 2 . Together, anion photoelectron spectra a, b, and c thus revealed the presence of three structural isomers of [Pt(H 2 O)] − , the hydrated Pt − anion complex and two others, both of which involved O-H bond breaking.
Normally, the neutral products of a gas-phase reaction can only be indirectly deduced by counting the atom difference between reactants and charged products. Here, however, to search for the presence of H 2 , which had been implied by our observations, we utilized an electron bombardment ionizer located along the beam path between the source and the TOF ion extractor. There, we changed appropriate voltages and polarities in order to record positive ion mass spectra so that neutral H 2 could be ionized to H 2 + and observed by our mass spectrometer. Nevertheless, when the laser vaporization (source) power was low, no H 2 + was seen. The only cations that we observed were He + , O + , OH + , and H 2 O + as seen in Fig. 2(a) , all of which had formed due to ionization of H 2 O/He backing gases from the source. However, when the laser power was increased to the level used to record mass spectrum C, H 2 + was detected as shown in Fig. 2(b) . This observation provided direct evidence that a single platinum atomic anion reacting with a single water molecule had produced H 2 .
The perturbatively connected triples [CCSD(T)] approach to calculate vertical detachment energies (VDEs), where VDE is the vertical energy difference between an anion's ground state and its neutral counterpart at the structure of the anion.
The EBE values of the peak maxima in the photoelectron spectra are their VDE values. We have calculated VDE values for both HMOH − and H 2 MO − isomers (M = Pt, Ni, Pd) and compared them with the measured VDE values of the new spectral features. These are presented in Table I . For the HMOH − isomer, good agreement was obtained between experimental and calculated VDE values, indicating that the water-activated isomers, HPtOH − , HNiOH − , and HPdOH − , were all present in their respective ion beams.
As for the H 2 MO − isomer, there is strong evidence for the presence of H 2 PtO − in photoelectron spectra of [Pt(H 2 O)] − . The peak at EBE = 3.34 eV in anion photoelectron spectrum c is in good agreement with the theoretically calculated EBE values of 3.40 eV and 3.45 eV. The high intensity of PtO − in its corresponding mass spectrum, i.e., C, the appearance of the photoelectron spectrum of PtO − within the mass-selected photoelectron spectrum of [Pt(H 2 O)] − , and the observation of H 2 + , all under relatively high source laser powers, are consistent with the presence of H 2 PtO − and with its decay into PtO − and H 2 . However, the case for the presence of H 2 PtO − at moderate source laser powers is less clear. While mass spectrum B exhibits PtO − , although at relatively lower intensities than does mass spectrum C and while traces of H 2 + are detected under moderate source laser power conditions, the theoretically predicted telltale H 2 PtO − peak at EBE ∼3.4 eV, easily seen in photoelectron spectrum c, was not evident in photoelectron spectrum b. Instead, the EBE ∼3.4 eV region in photoelectron spectrum b is an intensity valley, although its floor does exhibit considerable intensity. Also, the PtO − peaks seen in photoelectron spectrum c are absent in photoelectron spectrum b. We conclude that if H 2 PtO − is formed under moderate source laser power conditions, there must be much less of it made than under higher laser power conditions. Additionally, Table I and Fig. 3 experiments, even at high source laser powers, the implication is that they were not formed.
High level electronic structure calculations provide insight into the reaction mechanisms and detailed rationalizations of the similarities and differences between the different metal anions. Figure 4 shows the calculated potential energy pathways and key structures involved in the reactions of Ni − , Pd − , and Pt − atomic anions with a single water molecule. The coordinates and energies of these structures are provided in the supplementary material. For example, Fig. 4 provides a possible explanation for why only H 2 PtO − was formed among the three group 10 systems we studied. Figure 4 endothermic, 25 the transformation from M − (H 2 O) anionic complexes to HMOH − is exothermic in all three (M = Ni, Pd, Pt) cases shown in Fig. 4 . The transition state, TS 1 , however, is higher in energy than the energies of both M − + H 2 O and M − (H 2 O) in all three cases. The barrier to be overcome is ∼0.5 eV, i.e., the energy of TS 1 minus the energy of the reactants, M − + H 2 O or ∼1.0 eV, the energy of TS 1 minus the energy of M − (H 2 O). These computed barriers include zeropoint vibrational and spin-orbit corrections. Many reactions are known to proceed with barrier heights that are similar to these values. [26] [27] [28] [29] Let us further consider our results when the highest source-laser power was utilized, i.e., see panels C and c in Fig. 1 . Under those circumstances, excess energy was available to the system, and in the case of H 2 PtO − , the excess energy was used to both make it and drive the reaction to the final products, PtO − and H 2 . The excess energy is also likely responsible for the formation of metastable H 2 PtO − complexes, these having been discussed above. While the origin of the excess energy that became available under these high source-laser power conditions is not fully resolved, the options are thermal excitation, electronic excitation, or both.
CONCLUSION
To summarize, we have investigated water activation and splitting by various single atomic anions, which were not previously explored in the gas phase. We demonstrated that platinum is special among all investigated metals and that a single platinum atomic anion can both activate and split a single water molecule, while single palladium and nickel atomic anions only activate water molecules.
In the electrolysis of water, H 2 gas forms at the cathode, which is typically platinum, while O 2 forms at the anode. It is interesting to contemplate the relationship between the microscopic interaction between a single platinum atom, a single electron, and a single water molecule and the more complicated, macroscopic interaction between a platinum cathode and liquid water during electrolysis. Respectively, both processes involve surmountable energy barriers and low overpotentials, which are characteristically exceptional properties of platinum.
SUPPLEMENTARY MATERIAL
See supplementary material for detailed experimental and theoretical methods and supporting experimental and theoretical results including Tables S1-S11 and Figs. S1-S11.
